INTRODUCTION
Ternary alloys based on Sn-rich Sn-Cu and Sn-Ag binary eutectics have attracted considerable attention as potential Pb-free solders. The National Center for Manufacturing Science report 1 on Pb-free alloys showed that these binaries as well as their combinations have favorable solderability and wetting properties. It is important to have a rather precise knowledge of the phase diagram in order to optimize solder compositions for industrial trials because the levels of Cu and Ag in these solders are quite small (typically 3.5 wt.% Ag and 1 wt.% Cu). In particular, a Pb-free task group of the National Electronic Manufacturing Initiative 2 has focused on these alloys for manufacturing and reliability testing.
In 1959, Gebhardt and Petzow 3 presented a liquidus surface for the entire ternary. Based on very little data, they proposed a transition reaction, L + Cu 6 Sn 5 → (Sn) + Ag 3 Sn at 225°C with a liquid composition of 4.0 wt.% Ag, 0.5 wt.% Cu. [The symbol, (Sn) Sn-rich alloys in the Sn-Ag-Cu system are being studied for their potential as Pbfree solders. Thus, the location of the ternary eutectic involving L, (Sn), Ag 3 Sn and Cu 6 Sn 5 phases is of critical interest. Phase diagram data in the Sn-rich corner of the Sn-Ag-Cu system are measured. The ternary eutectic is confirmed to be at a composition of 3.5 wt.% Ag, 0.9 wt.% Cu at a temperature of 217.2 ± 0.2°C (2σ). A thermodynamic calculation of the Sn-rich part of the diagram from the three constituent binary systems and the available ternary data using the CALPHAD method is conducted. The best fit to the experimental data is 3.66 wt.% Ag and 0.91 wt.% Cu at a temperature of 216.3°C. Using the thermodynamic description to obtain the enthalpy-temperature relation, the DTA signal is simulated and used to explain the difficulty of liquidus measurements in these alloys.
Key words: Pb-free solder, Sn-Ag-Cu solder, phase diagram, ternary eutectic, and thermal analysis isopleths, where a ternary eutectic reaction at 218°C is evident in the Sn-rich corner. In 1994, Miller et al., 5 using DTA, found a ternary eutectic at 217°C and placed its composition at 4.7 wt.% Ag, 1.7 wt.% Cu. A patent was issued based on this work. 6 Most recently, Loomans and Fine 7 place the ternary eutectic composition at 3.5 wt.% Ag and 0.9 wt.% Cu using thermal analysis of the signal from the monovariant binary eutectics, L → (Sn) + Cu 6 Sn 5 and L → (Sn) + Ag 3 Sn.
Using thermal analysis, the present work has examined alloys along two isopleths in the vicinity of the reported ternary eutectic compositions. These results and other selected data are used to develop a thermodynamic model for the Sn-rich portion of the ternary phase diagram. The difficulty of liquidus measurement for the intermetallics in this system is discussed using simulated DTA curves. These DTA curves are based on the calculated enthalpy-temperature predictions of the thermodynamic model.
EXPERIMENTAL PROCEDURES
Preliminary thermodynamic calculations performed by one of the authors (URK), and reported by Miller et al.
5 predicted a ternary eutectic and indicated that the Cu 6 Sn 5 and Ag 3 Sn liquidus surfaces were quite steep Experimental and Thermodynamic Assessment of Sn-Ag-Cu Solder Alloys compared to the (Sn) liquidus. [An error was made in the conversion from atomic to weight % conversion by Miller et al. The composition obtained from the initial estimate was Sn -3.25 wt.% Ag -0.69 wt.% Cu.] This can also be easily seen from the two binary diagrams. Thus, it was important to perform thermal analysis at sufficiently high temperatures to access the entire melting interval. In addition, simple lever law calculations indicated that the amount of primary intermetallic in the composition range of interest is quite small (≈ 2 wt.%). Thus the liquidus signal during thermal analysis was likely to be weak; therefore, special attention was paid to the sensitivity of the thermal analysis technique.
Small alloy ingots were prepared by melting 99.99% purity metals in sealed and evacuated quartz ampoules at 1100°C followed by agitation and water quenching. The chosen compositions lie along two sections, A and B, as shown in Fig. 1 . Section A was chosen to study the liquidus surfaces of Cu 6 Sn 5 and Ag 3 Sn. Section B was chosen to include the ternary eutectic composition reported by Loomans and Fine. 7 Elemental weights are considered accurate to approximately 0.1 mg producing very small composition errors.
For thermal analysis, 2 g samples were cut longitudinally from each ingot to minimize any macrosegregation effects and were re-melted in a test tube in air at approx. 250°C. A fine 250 µm Inconel sheathed chromel-alumel thermocouple was inserted in the center of the melt. [Trade names are used in this paper for completeness only and their use does not constitute an endorsement by NIST.] The interior of the test tube and the thermocouple were coated with boron nitride. This coating was found to reduce, but not eliminate, the tendency for the liquid to supercool with respect to the (Sn) phase. The thermocouple was held in place by a glass test tube stopper. The test tube/thermocouple assembly was then inserted into a hollow graphite cylinder resting inside of a furnace. A reference thermocouple was inserted into a vertical hole in the graphite with its tip at the same height as the sample thermocouple. Heating and cooling was performed with the furnace programmed at constant cooling and heating rates of 0.5 K/min and 5 K/min. Data were acquired with a commercial thermocouple logging software.
The thermocouples were calibrated using the melting of pure Sn. Data are reported in DTA type format; i.e., the difference between the sample temperature and the reference temperature is plotted versus the sample temperature. To obtain a flat base line, a test was performed at each heating/cooling rate with an empty sample test tube. The DTA signal from this dummy test was subtracted from that obtained with the alloy samples. In standard DTA or DSC, the sample thermocouple is located just below the sample container. In the present experiments the thermocouple probe is extremely thin, is in direct contact with the alloy and is thus more sensitive than standard methods. Figure 2 shows the melting and freezing signal for pure Sn at two heating/cooling rates. In contrast to the standard DTA/DSC, the drop of the DTA signal during melting at 231.8°C is vertical and is not sensitive to heating rate. During cooling (Sn) nucleation occurs approx. 30°C below the melting point. The recalescence from this temperature is indicated by the positive slope of the DTA signal. The 
